T cells was decreased in the laminae propriae of the vagina and cervix. Expression of CD45RA did not differ in naive and acutely SIV mac251 infected macaques. Information on the quality and quantity of local immune responses may help in the design of vaccine strategies aimed at containing viral replication at the site of viral encounter.
In most newly acquired human immunodeficiency virus type 1 (HIV-1) infections, especially in the developing world (70 to 80%), the virus is transmitted by the mucosal route. Recent studies, focused on genital HIV-specific immune responses in individuals who remain uninfected despite continuous exposure to HIV-1, have found high levels of specific immunoglobulin A in the mucosa (5, 21, 40) . Whether such mucosal immunoglobulin A responses contribute directly to immune protection, however, is not clear (49) , and it is possible that these apparently protected individuals may have local, virusspecific, protective CD8 ϩ T cells. In support of this possibility, a recent study on a cohort of sex workers who are resistant to HIV-1 infection despite substantial exposure to the virus has demonstrated the presence of HIV-specific, gamma interferon-producing CD8 ϩ T cells in the cervical mucosa (20) . This cohort of apparently uninfected individuals had higher levels of HIV-1-specific CD8 ϩ T cells in mucosal tissues than in blood, while HIV-1-infected individuals had higher HIV-1 responses in blood than in mucosal tissues (20) . Neither cervical nor blood HIV-1-specific responses were found in low-risk control donors from the same area (20) . These findings raise important questions about the role of mucosal immune responses in the vagina and cervix in protection from HIV-1 infection. However, many of these questions are difficult to address in humans. The immunodeficiency induced with simian immunodeficiency virus SIV mac251 in macaques (10, 28, 32) closely resembles the disease induced in humans by HIV-1, thus providing a suitable model in which to study virus-specific systemic and mucosal immune responses. Virus-specific cytolytic activity in the vaginal mucosae of SIV mac251 -infected macaques has previously been demonstrated in the CD8 ϩ intraepithelial-lymphocyte (IEL) compartment (33) . In addition, it has been demonstrated that intravaginal inoculation with SIV mac251 can sometimes induce occult systemic infection (37, 41) . In these animals, persistent SIV mac -specific CD4
ϩ T-cell proliferative responses in vaginal mucosae, vaginal antibodies, and cytotoxic T-lymphocyte (CTL) responses have been detected (41) .
Because HIV-1 is mainly transmitted mucosally, there is a need to further assess CTL responses in the macaque model, not only in the blood but also at the mucosal sites. However, because of the limitation in the number of lymphocytes that can be obtained from vaginal and cervical tissues, most studies so far on CTLs from the genital tracts of female macaques have been performed following prior expansion of lymphocytes in vitro (33, 41) . This approach allows for accurate assessment of CTL function but has limitations regarding the phenotypic characterization of T cells and the quantitation of virus-specific CD8 ϩ T cells. Here, we have investigated the phenotype of T cells in the genital tract directly from biopsy specimens as well as from tissue collected postmortem from SIV mac251 -infected macaques. We studied the expression of CD4, CD8, CD45RA, CD62, and CD103 in naive and SIV mac251 -infected macaques. In addition, in a group of Mamu-A*01-positive macaques infected by SIV mac251 or chimeric simian/human immunodeficiency virus SHIV KU2 , we also quantitated, by tetramer technology, the frequency of virus-specific CD8 ϩ T-cell responses to the SIV Gag protein.
MATERIALS AND METHODS

Animals.
Specimens from a total of 19 nulliparous female macaques, aged 6 to 22, were used for this study. Vaginal biopsy specimens (diameter, 4 mm) from nine healthy macaques were collected, washed, and maintained in RPMI medium containing 10% fetal calf serum (FCS) plus penicillin-streptomycin prior to T-cell isolation from the lamina propria and intraepithelial compartments. All biopsy specimens were taken from the dorsal aspect of the vault of introitus of the vagina. Since it has been previously determined by others that the menstrual cycle does not affect the number and distribution of immune cells (36) , samples were taken randomly (i.e., at different stages of the menstrual cycle).
Two female Mamu-A*01-positive macaques were sacrificed during primary infection following intrarectal exposure to undiluted SIV mac251/561 stock virus (45a) (animal 817) or intravenous exposure to a 1:3,000 dilution of the same viral stock (animal 819) ( Table 1) . From these macaques, blood was also drawn on days 4, 8, and 12 after infection. Animals were sacrificed at the times indicated in Table 1 , and mucosal tissues from the vagina, cervix, draining iliac lymph nodes, and, in some animals, the gut were also collected postmortem and stored in RPMI medium containing 10% FCS plus penicillin-streptomycin until use.
Vaginal biopsy specimns were also obtained from two additional female macaques (animals 730 and 738) during primary infection at 6 weeks following exposure to SIV mac251/561 by the vaginal route (Table 1) .
Among the chronically infected macaques, three females infected with SIV mac251 (animals 408, 479, and 669) and three females infected with SHIV KU2 were used. All six macaques were challenged by the intrarectal route, and vaginal, cervical, and iliac lymph node specimens were collected postmortem as described above (Table 1) .
Isolation of tissue lymphocytes. Mononuclear cells were isolated from the iliac lymph nodes, vagina, and cervix as well as from intestinal tissues. On the average, biopsy specimens obtained from the vagina yielded about 2 ϫ 10 6 cells from the lamina propria. Postmortem specimens included the ectocervix and endocervix, and all vaginal samples consisted of half of the vagina, split in a cranial-caudal manner. Mononuclear cells from iliac lymph nodes were isolated by mechanical dissociation of the tissue and consecutive separation by Ficoll gradient centrifugation. Vaginal and cervical tissues were treated with 1 mM dithiothreitol (ICN Biomedicals Inc., Aurora, Ohio) for 30 min, followed by stirring in 1 mM EDTA in calcium-and magnesium-free Hanks balanced salt solution (Life Technologies, Baltimore, Md.), pH 7.2, at room temperature for 1 h (four to five times) to remove the epithelial layer. IELs were isolated from the collected supernatants through a 40% Percoll gradient. Microscopic examination of hematoxylinand-eosin staining of sections of the remaining tissue revealed that all of the epithelium was removed and that the lamina propria was intact.
Lamina propria lymphocytes were separated following the removal of epithelium and IELs. The remaining tissue was cut into small pieces and incubated with 0.5 mg of collagenase IV (Sigma Chemical Co., St. Louis, Mo.)/ml in Iscove's modified Dulbecco's medium (Life Technologies, Palsley, Pa.) supplemented with 10% FCS and penicillin-streptomycin for 2 to 3 h at 37°C. Mononuclear cells a N/A, not applicable.
were isolated from the supernatant containing dissociated cells by Percoll gradient centrifugation. Intestinal lymphocytes underwent a similar procedure but were incubated in Hanks balanced salt solution-EDTA three times, and the lamina propria was dissociated by using 400 U of collagenase D (Boehringer GmbH, Mannheim, Germany)/ml. Flow cytometry. A total of 5 ϫ 10 4 cells were used for staining of each sample. Mononuclear cells were directly stained with phycoerythin (PE)-conjugated tetrameric complexes for Gag181 (24) , Env622 (14) , and Tat28 (1). Peridinin chlorophyll (PerCP)-conjugated anti-CD3ε (PharMingen, San Diego, Calif.) and fluorescein isothiocyanate (FITC)-conjugated anti-CD8␣/␤ (Becton Dickinson, San Jose, Calif.) were used in conjunction with the tetrameric complexes. An antibody that recognizes CD8␣/␤ was chosen to label CD8 ϩ T cells, since it has been shown that in most monkeys most of the CD8 ϩ cells express this marker and that in most, but not all, cases more than 95% of tetramer-positive cells for the SIV mac251 immunodominant p11C Gag epitope are of the CD8␣/␤ ϩ type (24, 26) .
In addition, cells were stained with anti-CD45RA (2H4)-HR1 (phycoerythin) (Coulter Corp., Miami, Fla.), anti-CD4-PE (Becton Dickinson), anti-CD62L-FITC, and anti-CD103-FITC (Coulter Immunotech, Marseille, France).
Briefly, 5 ϫ 10 5 lymphocytes isolated by Ficoll diatrizoate or Percoll gradient centrifugation were incubated with 1 g of tetrameric complexes and/or selected antibodies for 30 min at room temperature. After cells were washed twice in Dulbecco's phosphate-buffered saline supplemented with 2% FCS and fixed in 1% paraformaldehyde (pH 7.4), samples were analyzed by flow cytometry using the FACScalibur (Becton Dickinson) instrument. Unstained cells as well as cells stained with appropriate isotype controls were used as negative controls.
RESULTS
Decrease in percentages of CD4
؉ T cells in the cervicovaginal laminae propriae of SIV mac251 -infected macaques. The frequency and phenotypic markers of CD4 ϩ and CD8 ϩ T cells in the genital tracts of healthy macaques are not fully defined. Therefore, the distribution and enumeration of CD4 ϩ and CD8 ϩ T cells in the vagina were initially determined for healthy, naive macaques. Following vaginal biopsies, the intraepithelial cells and lamina propria lymphocytes were isolated and each population was stained simultaneously with antibodies against the CD4, CD8, and CD3 antigens. Analysis of CD4-and CD8-expressing cells was performed by gating first on the whole lymphocyte population as determined by forward and side scatter and then on the CD3 ϩ population. The percentages of CD4-and CD8-positive cells were assessed by quadrant quantification using the Cellquest software. For the three naive macaques studied (animals 582, 816, and 815), the vaginal lamina propria contained 55 to 65% CD3 ϩ CD8 ϩ cells and 28 to 34% CD3 ϩ CD4 ϩ cells (Fig. 1a) . IELs were predominantly CD8 ϩ (75 to 85%), and only a small fraction of these cells expressed the CD4 marker (data not shown).
Since apparent depletion of CD4 ϩ T cells in the gut-associated lymphoid tissue (GALT) occurs early following SIV mac251 infection of macaques (56, 60) , we examined the percentages of CD4 ϩ T cells in the urogenital tracts of all macaques studied. For the two acutely infected macaques (macaques 817 and 819), sacrificed at day 12 postinfection, the percentages of CD4 ϩ and CD8 ϩ T cells in the genital tract did not differ from those of naive macaques (compare Fig. 1a to Fig. 1b) . In contrast, analysis of vaginal biopsy specimens obtained from macaques 730 and 738 at 6 weeks postinfection revealed a decrease in the percentage of CD4 ϩ T cells in the lamina propria (Fig. 1b) . Similarly, in the vaginal and cervical laminae propriae of macaques chronically infected with SIV mac251 , such as animals 408 and 479 (see Table 1 sented only 0.13 and 0.24% of the total T-cell population, respectively (Fig. 1c) . For the chronically SHIV KU2 infected macaques studied here, the percentage of CD4 ϩ cells in the vaginal lamina propria was similar to that for naive macaques (data not shown), and there was no depletion of CD4 ϩ cells in the blood (Table 1) .
It is not clear whether the decrease in the percentage of CD4 ϩ cells represents a local depletion of CD4 ϩ cells or is due to a relative increase in CD8 ϩ cells. Others have shown that, in the intestinal tissues, the decreased percentage of CD4 ϩ cells may be due to both factors (39) .
Phenotype of the cervicovaginal mucosal lymphocytes. The CD8 ϩ T-cell phenotype, which is important in cell-mediated responses to SIV mac251 (9, 33) , was further characterized. Lamina propria CD8␣/␤ ϩ T cells were assessed for expression of the CD45RA, CD62L, and CD103 markers. For the six healthy naive macaques studied here, 28 to 46% of vaginal lamina propria T cells expressed both CD45RA and CD8␣/␤ (Fig. 2b) , and the relative frequency of these cells in the three chronically SIV mac251 infected macaques studied here did not differ (Fig.  2c) .
CD103 is a marker for ␣E␤7 integrin, a molecule acquired by recent thymic emigrants (43) that is believed to mediate T-cell adhesion to epithelial cells by binding to the E-cadherin molecule (7, 8) expressed on the epithelial cells of skin (11, 54) , renal epithelial cells (13) , and epithelial cells of mucosal surfaces, including the vagina and cervix (7, 16, 19) . CD103 therefore represents a marker highly expressed on IELs. The expression of ␣E␤7 (CD103) on mucosal lymphocytes from the guts of humans and mice has been studied previously (12, 35) , but less is known about the distribution of this marker in macaques. Long-term CD8 ϩ T-cell lines, derived from the vaginal epithelia of macaques, have been shown to express the CD103 marker (42) , but no direct estimation of the frequency of this marker in ex vivo CD8 ϩ T cells has been carried out. In vaginal tissues of naive macaques, approximately half of CD8␣/␤ ϩ IELs expressed ␣E␤7, whereas expression on CD8␣/␤ ϩ lymphocytes from the vaginal lamina propria was
ϩ frequency in the vaginal tissues of naive and chronically infected macaques. Shown are the percentages of CD3 ϩ CD8 ϩ cells of the vaginal lamina propria that express the CD45RA marker in naive (b) or chronically infected (c) macaques. Tricolor staining for CD3-FITC, CD8-PerCP, and CD45RA-HRD was used to generate these data. Cells were gated through the CD3 ϩ population (4 ϫ 10 4 cells were acquired through this gate for each sample analyzed) and then analyzed for expression of CD8 and CD45RA using quadrant analysis (a). lower (range, 14 to 31%) (Fig. 3a) . This marker was also quantified on intestinal lymphocytes of naive macaques. ␣E␤7 was expressed on more than 60% of the population of intestinal CD8␣/␤ ϩ IELs of the three healthy females studied, whereas in the intestinal lamina propria, this marker was expressed on 25 to 40% of the CD8 ϩ cells (Fig. 3b) . In primary infection of macaque 817, which was infected intrarectally, the percentages of CD8 ϩ ␣E␤7 ϩ intestinal IELs were three-to sixfold lower than those for macaque 819, which was infected intravenously (data not shown) or those for naive macaques. Lamina propria CD8 ϩ T-cell expression of this marker was similar in both animals and corresponded to the levels seen in healthy macaques. L-selectin (CD62L), which is highly expressed on lymph node lymphocytes and has low expression in mucosal lymphocytes, was also studied. Expression of CD62L on vaginal laminae propriae of healthy macaques was also low, as expected (42, 46) , ranging from 0.22 to 1.73% of CD8 ϩ lymphocytes (data not shown). The frequencies of the CD8 ϩ T cells expressing ␣E␤7 as well as CD62L in both the genital and intestinal tracts are similar among mice, macaques, and humans.
High frequency of MHC class I-restricted responses in vaginal and cervical laminae propriae of SIV mac251 -and SHIV KU2 -infected macaques. Virus-specific CTLs play a significant role in containing HIV and SIV infections (6, 17, 25, 38, 47, 51) . By use of the tetramer technology (2), CTLs specific for the SIV Gag protein have been demonstrated in the blood, lymph nodes, and semen of SIV-infected macaques (27) as well as in the gut (14a, 58) . Some of the macaques studied here were positive for the major histocompatibility complex (MHC) class I Mamu-A*01 molecule (Table 1) . Therefore, a tetrameric complex conjugated with the Mamu-A*01-restricted, dominant p11C, C-M epitope was used to measure the frequency of the virus-specific CD8 ϩ T-cell response (24) . Quantification of the Mamu-A*01-positive CD8 ϩ T-cell response was performed on purified lymphocytes from vaginal tissue and the draining iliac lymph node for two chronically SIV mac251 infected macaques and for three macaques infected with SHIV KU2 (18) ( Table 1) .
The specificity of the Gag181 tetramer binding was assessed in vaginal biopsy specimens obtained from Mamu-A*01-positive naive macaques and Mamu-A*01-negative infected macaques (Fig. 4) . Tetrameric complexes with specificity for Gag antigens did not stain more than 0.12% of the total CD3 ϩ
CD8
ϩ T-cell population in cervicovaginal mucosae, blood, or lymph nodes.
FIG. 3. CD8
ϩ CD103 ϩ T cells in the cervicovaginal and rectal mucosae of naive macaques. Bar graphs show CD103 (␣E␤7) expression in intraepithelial and lamina propria CD8 ϩ T lymphocytes of vaginal (a) and rectal (b) tissues of naive macaques. As shown in the top two panels, two-color staining was done for CD8 and CD103. Cells were gated on the CD8 ϩ population (10 4 cells were acquired through this gate), and expression of CD103 on this population was determined by histogram analysis as shown.
In the macaques chronically infected with SIV mac251 studied here (Table 1) , the frequency of virus-specific CD8 ϩ T cells was greater in the genital lamina propria than in the blood or iliac lymph nodes. Analysis of the cervicovaginal tissues, blood, and iliac lymph nodes from the two chronically SIV mac251 infected macaques, 408 and 668 ( Table 1 ), revealed that 14% of the CD3 ϩ CD8 ϩ T cells in the lamina propria of the vagina of macaque 408 were specific for the immunodominant Gag181 peptide; the percentage for the same compartment of animal 669 was 5%. For both animals the frequency of this Gagspecific CD8
ϩ T-cell response in the cervicovaginal compartment exceeded that found in the blood or the iliac lymph nodes (Fig. 5) .
To assess whether these findings could be extended to other animals, chronically SHIV KU2 infected macaques were also studied. Interestingly, a high percentage of Gag181-specific cells was found in the vaginal laminae propriae of these macaques as well, and again the frequency of this response in this compartment exceeded that found in the blood or iliac lymph node in two of the three animals (Fig. 6) . Possibly, ongoing viral replication in this location may account for the high frequency of this virus-specific CD8 ϩ T-cell response.
DISCUSSION
Mucosal immune responses to pathogens such as HIV and SIV are likely to be important in conferring protection against infection (20) . As research in this area evolves, the establishment of immunological parameters that correlate with protection from infection in humans as well as in animal models is of great importance.
The mucosa of the vagina and ectocervix consists of stratified squamous epithelium and lamina propria whose thickness varies greatly depending on its vascularization, which in turn is related to the phase of the menstrual cycle. Lymphocytes of the vaginal mucosa are localized within the epithelial layer (IELs) and in the lamina propria. In other mucosal sites, such as the gut, these two populations have distinct properties. The IELs in the gut are predominantly of the CD8 ϩ and memory phenotype and also express the ␣E␤7 marker. In the same compartment, lamina propria lymphocytes are a mixed population of CD4 ϩ and CD8 ϩ lymphocytes of both naive and memory phenotypes that express a lower level of ␣E␤7 (22, 35, 50) . Immunohistochemical studies with macaques have demonstrated that the vaginal mucosa and the ectocervix contain large numbers of CD8 ϩ T cells and fairly small portions of CD4 ϩ T cells (44) . In addition, cytolytic CD8 ϩ T-cell lines derived from the vaginal epithelium were shown to be ␣E␤7 positive and L-selectin negative (42) . However, due to the difficulties in the isolation procedure and the low yield of cells, direct staining and phenotypic characterization of ex vivo lymphocytes are usually not performed.
In this study, we quantified the proportion of CD4 ϩ and CD8 ϩ T cells in the cervicovaginal mucosa and assessed the expression of ␣E␤7, L-selectin, and CD45RA in the predominant CD8 ϩ T-cell population. Our results show that a high proportion of vagina lamina propria lymphocytes are CD8
ϩ , approximately one-third express ␣E␤7, and, as expected, a small percentage express L-selectin. About a third of vaginal lamina propria CD8 ϩ T cells also express the CD45RA marker.
The IEL marker ␣E␤7 was demonstrated to mediate T-cell adhesion to epithelial cells (7) through its binding to E-cadherin, which is expressed on epithelial cells of mucosal surfaces (8, 19) . Recently, it was established that ␣E␤7 also interacts with human endothelial cells of the intestine (59) . In mice, ␣E␤7 is expressed on more than 90% of intestinal IELs and on 45 to 50% of lamina propria T lymphocytes (22, 50) . Integrin ␣E␤7 knockout mice have reduced numbers of mucosal T lymphocytes, especially of the CD8␣/␤ ϩ T-cell type, particularly following bacterial colonization of mucosal surfaces (53) . In mice exposed to Mycobacterium tuberculosis (12) , the proportion of ␣E␤7 CD8 ϩ T cells decreases significantly in the lungs, and blocking ␣E␤7 antibodies prevent and ameliorate immunization-induced colitis in interleukin-2 Ϫ/Ϫ mice (34) . As the function of ␣E␤7 still remains largely unknown, these findings indicate that ␣E␤7 may play a significant role in the recruitment and retention of intraepithelial mucosal lymphocytes.
In humans, this marker is expressed in 60 to 80% of intestinal IELs and in approximately 40% of intestinal lamina propria lymphocytes (35) . In AIDS patients, however, the expression of CD103 by GALT-derived mononuclear cells was reportedly decreased from a mean of 41% in controls (range, 31 to 54%) to a mean of 22% (range, 16 to 59%) (52) . Recent studies with human biopsy specimens have shown that, in HIV patients, CD103 was expressed in 5.2 to 43.7% of CD8 ϩ GALT-derived mononuclear cells compared to 0.9 to 1.6% of CD8 ϩ peripheral blood monocytes (55) . For macaques, we have observed that the expression of ␣E␤7 in intestinal tissues is similar to that for humans and mice and that this marker is also expressed in vaginal tissue at a level comparable to that in GALT. Decreased levels of ␣E␤7 have been observed in human HIV-1-infected colonic tissue (55) and in mice following pulmonary M. tuberculosis infection (12) . Within the limitations of the relatively small number of infected animals examined for ␣E␤7 expression in this study, a similar phenomenon may occur in macaques infected with SIV mac251 , and mucosally acquired infection may be associated with a lower level of expression of this marker. As also implied in studies by others, systemic SIV mac251 infection does not appear to alter ␣E␤7 expression in the gut (29) .
CTLs play an important role in containing HIV and SIV replication (6, 17, 25, 38, 47, 51) . In blood, emergence of virus-specific CTLs is associated with containment of viral replication during primary infection (25, 51) . Similarly, mucosal lamina propria lymphocytes have been shown to have virusspecific cytolytic activity, and the frequency of antigen-specific CD8 ϩ CTLs in the lamina propria of the gut has correlated with the degree of protection from viral challenge in some cases (3, 39, 45 The presence of HIV-specific CTLs in the cervices of HIVexposed sex workers apparently resistant to infection further suggests the importance of cellular responses in the genital tract in the prevention of infection (20) . Cytotoxic activity against viral antigens has been readily demonstrated in cell lines derived from vaginal mucosa (15, 23, 33, 41) .
Here, we have measured the frequency of Gag-specific responses in the cervicovaginal mucosae of genetically defined macaques (Mamu-A*01 positive) using a tetramer complex that specifically binds to CD8 ϩ T cells that recognize a Gag dominant epitope (24) . Our data indicate that the frequency of this virus-specific CD8 ϩ T-cell response is surprisingly high in this compartment, exceeding that in systemic compartments for several macaques.
Studies by others suggest that the frequency of virus-specific CD8 ϩ T-cell responses may depend on the level of viral replication in mucosal tissues (48) . It is possible that the high numbers of tetramer-positive cells in the vaginal and cervical tissues of chronically infected macaques reflect high viral replication at these sites. Because of its relevance to viral transmission, further investigations are needed to establish if the cervicovaginal mucosa is a site of active replication of SIV or HIV.
The finding of a high frequency of virus-specific CD8 ϩ T cells in the cervicovaginal compartment, coupled with the notion that mucosal immunization may provide better protection against mucosal challenge than systemic immunization (3, 4, 30, 31) , has important implications for the development of vaccine modalities (57) that can target mucosal sites in order to prevent HIV-1 infection.
FIG. 6. Frequency of Gag181 tetramer-positive CD3
ϩ CD8 ϩ T cells in tissues of chronically SHIV KU2 infected macaques. Flow charts show the proportions of Gag181 tetramer-positive lymphocytes isolated from the blood, iliac lymph nodes, and vaginal laminae propriae of SHIV KU2 -infected macaques. Cells were analyzed as described in the legend to Fig. 5 and in Materials and Methods.
